We examine the precision of the Tully-Fisher relation (TFR) using a sample of galaxies in the Coma region of the sky, and nd that it is good to 5% or better in measuring relative distances. Total magnitudes and disk axis ratios are derived from H-and I-band surface photometry, and Arecibo 21-cm pro les de ne the rotation speeds of the galaxies. Using 25 galaxies for which the disk inclination and 21-cm width are well-de ned, we nd an RMS deviation of 0.10 mag from a linear TFR with dI=d(log W c ) = ?5:6. Each galaxy is assumed to be at a distance proportional to its redshift, and an extinction correction of 1:4 (1 ? b=a) mag is applied to the total I magnitude. The measured scatter is < 0:15 mag using milder extinction laws from the literature. The I-band TFR scatter is consistent with measurement error, and the 95% CL limits on the intrinsic scatter are 0{0.10 mag. The RMS scatter using H-band magnitudes is 0.20 mag (N = 17). The low-width galaxies have scatter in H signi cantly in excess of known measurement error, but the higher-width half of the galaxies have scatter consistent with measurement error. The H-band TFR slope may be 1 Current address: Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218 { 2 { as steep as the I-band slope. As the rst applications of this tight correlation, we note the following: (1) the data for the particular spirals commonly used to de ne the TFR distance to the Coma cluster are inconsistent with being at a common distance and are in fact in free Hubble expansion, with an upper limit of 300 km s ?1 on the RMS peculiar line-of-sight velocity of these gas-rich spirals; and (2) the gravitational potential in the disks of these galaxies has typical ellipticity < 5%. The published data for three nearby spiral galaxies with Cepheid distance determinations are inconsistent with our Coma TFR, suggesting that these local calibrators are either ill-measured or peculiar relative to the Coma Supercluster spirals, or that the TFR has a varying form in di erent locales.
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Introduction
Since the correlation between rotation velocity and absolute magnitude for spiral galaxies was rst proposed as a distance indicator (Tully & Fisher 1977) , measurements of more than one thousand galaxies have been made for this purpose. With this article, we begin a detailed investigation into the properties of the Tully-Fisher relation (TFR) in order to assess its reliability as a secondary distance indicator and to constrain theories of the formation of spiral galaxies. Here we assess the scatter in the TFR for galaxies in which the relevant quantities are well-determined, and we nd that the intrinsic scatter from the TFR is probably below 0.1 mag in the region of the Universe we survey. Thus the TFR, properly applied, is as precise as any known extragalactic distance indicator, and usable to 10,000 km s ?1 and beyond. Whether the TFR is accurate to this degree will be investigated in future papers devoted to its environmental dependence ). The reader is referred to Guhathakurta et al. (1993) for a more general discussion of the TFR and our program.
Much attention has been paid to the dispersion in the TFR and other similar secondary distance indicators, in the context of measuring peculiar velocities of galaxies beyond the local Supercluster. In the absence of a large homogenous sample of primary calibrator spirals, the relation has to be calibrated on a set of galaxies assumed to be at the same distance (i.e. a \cluster"). The dispersion in this calibrator relation determines how far out in distance one can reliably measure distances. For instance, a 1 detection of a peculiar { 3 { velocity of 400 km s ?1 for an individual galaxy at a distance of 5,000 km s ?1 in the Hubble ow requires that the TFR have a dispersion lower than 0.16 mag, assuming no error in redshift measures. If the dispersion is largely due to measurement errors, one hopes that the relation can continue to be useful as measures become more accurate; whereas if the scatter is deemed to be intrinsic, the amount of intrinsic scatter sets an upper limit to the distance at which the relation can be usefully applied.
Most of the early work in this eld has involved blue photographic magnitudes for the spirals, with their associated large and uncertain extinction corrections. Even among practitioners of the blue TFR, there is wide disagreement about the intrinsic dispersion of the relation. For example, Kraan-Korteweg et al. (1988) concluded from their study of late spiral and irregular galaxies in the Virgo cluster that the TFR dispersion is 0.7 mag in both the B and the near-infrared H passbands, whereas Pierce & Tully (1988) , working with CCD photometry, showed that the dispersion in B could be as low as 0.3{0.4 mag. A comparison of their datasets (Burstein & Raychaudhury 1989) showed that the quoted dispersions include e ects of actual cluster depth, of poorly-measured magnitudes, of the inclusion of irregular galaxies in the sample, and of errors in inclination corrections. Errors in the H i widths have also contributed to the scatter, particularly where the widths were obtained from data inappropriate for TFR applications. E ects of depth and of uncertain inclination corrections continue to a ect studies of the TFR in the redder passbands using photometry done with CCD's or infrared arrays (e.g. Pierce & Tully 1988; Peletier & Willner 1993 ).
Strategies
In their study of Virgo and Ursa Major galaxies, Pierce & Tully (1988) found the I-band TFR to be more accurate than the B-band TFR, perhaps because the blue ux from a galaxy is heavily in uenced by dust extinction and short-lived stellar populations. These factors may make the blue magnitude a poorer indicator than I of the total stellar mass of the galaxy, stellar mass being the likely underlying physical variable in the TFR|though nd very low scatter in a small B-band sample. Near-infrared magnitudes could, for the same reasons, be superior to I band for the TFR, as interstellar extinction in H is roughly three times smaller than in I, and stellar M=L is also more stable with age in H (Worthey 1994) . We have therefore chosen to obtain surface photometry in H band using the NICMOS3 infrared array camera. Though much work has been done on the H-band TFR using single-aperture detectors (Aaronson et al. 1986 ), H surface photometry has only recently been used for TFR, in studies of Virgo and Ursa Major galaxies (Peletier & Willner 1991 . We are able to obtain surface photometry to H 23 mag arcsec ?2 , faint enough to obtain valid total magnitudes by the same methods used for the CCD data. The H data are not as deep as the I data. Nonetheless, we expect the comparison of H and I data to help discriminate between various sources of scatter in the TFR.
If we are to test the TFR, it is essential that the data for our galaxies be as free as possible from measurement error and systematic contamination. Four parameters must be determined for each galaxy in order to construct the TFR: (1) the relative distance moduli of the galaxies; (2) the line-of-sight velocity width W; (3) the apparent total magnitude; and (4) the inclination of the galaxy disk, necessary for correcting the line-of-sight width to a rotation speed, and for gauging internal extinction corrections to the magnitude. We have taken the following steps to minimize the uncertainties in these parameters:
First, only galaxies with redshift v > 5900 km s ?1 are included in the survey, in order to minimize uncertainties in relative distance moduli. Our initial intent was to choose spirals which are members of the Coma cluster, because the variation in distance moduli to Coma members should be < 0:10 mag (as evidenced by its 3 extent on the sky). TFR tests using the Virgo cluster are limited by its appreciable line-of-sight depth (Fukugita et al. 1993 ). As we shall see below, the gas-rich \Coma spirals" are inconsistent with being at a common distance and are in fact superposed eld galaxies. For eld galaxies, we assume that distance is proportional to redshift; a cosmic peculiar velocity of 300 km s ?1 then gives distance modulus dispersion of 0.1 mag for galaxies at 6000 km s ?1 . The Coma Supercluster galaxies we choose are in the \Quiet Hubble Flow" region identi ed by Courteau et al. (1993) , which should assist in reducing distance modulus uncertainty.
To minimize uncertainties in line-of-sight velocity width W, we include only galaxies with steep-sided 21-cm pro les. All galaxies in this sample were observed at high S/N from Arecibo as described below; only two galaxies (NGC 4848 and Zw 159-075) are rejected because of poor H i pro le morphology. The quantity W is de ned here as the width at 50% of the mean pro le height. H i observations sample the spiral disk at larger radii on average than optical methods, albeit with no spatial resolution in the case of single-dish data. In future work we will compare various methods of obtaining circular velocity data (Vogt 1994; Raychaudhury et al. 1994) .
Total magnitudes are derived from relatively deep I-band CCD surface photometry. The typical RMS noise in the images in 0: 00 9 pixels is I = 24:8 mag arcsec ?2 , so that each galaxy is detected at least 3{4 scale lengths into its disk. Elliptical isophotes are t to each galaxy, and an exponential surface brightness pro le is t to the outer isophotes (this excludes the inner regions where the bulge or a bar may dominate). Total magnitudes are derived by counting photons inside the outermost isophote, and extrapolating the exponential law to account for light outside this isophote (cf. Freudling et al. 1991) . In the I band, this extrapolation rarely involves a correction of more than 0.1 mag, meaning that we directly detect > 90% of the ux.
One must know the disk inclination quite well to obtain high accuracy from the TFR. Our criteria on the reliability of disk ellipticity as an indicator of inclination are more stringent than in some previous TFR studies. Inclinations are obtained by measuring the disk axis ratio and assuming the disk is circular when viewed face-on (it is also possible to derive inclinations from spatially resolved velocity elds|cf. Schommer et al. 1993) . The sin i inclination correction to W becomes larger and less certain for face-on galaxies, so we restrict our analysis to galaxies with i > 45 (more precisely e (1 ? b=a) > 0:3). We also require that e be well-determined from the image; here working in the infrared is again a well-known advantage, as spiral arms, H ii regions, and other perturbations to the disk are weaker. Nevertheless, the isophote shape is not stable (as a function of radius) in some of our images, and we reject a few galaxies for this reason. One must also be sure that the measured axis ratio is indeed that of the smooth stellar disk. This means that we must exclude from the sample those galaxies with obvious tidal tails, rings, or merger activity which call this assumption into question. All rejected galaxies, and the reasons for such, are listed along with accepted galaxies in Tables 1 and 2 . Finally, one can question the assumption that spiral disks are intrinsically circular (Franx & de Zeeuw 1992) ; we believe that the low scatter in our TFR provides one of the strongest constraints to date on this matter.
Sample and Observations

Sample De nition
Two sets of galaxies are used in this paper. Our starting point is the list in Fukugita et al. (1991) of late-type spirals with \good" H i data within 260 0 of NGC 4889, the central galaxy of the Coma cluster; the membership criteria used in this paper are essentially those of Kent & Gunn (1982) . We have re-oberved all 30 of the Fukugita galaxies with i > 45 and 5900 < v < 8100 km s ?1 , plus a few with i < 45 . We refer to these galaxies as our \Coma" sample. There are a few more spirals not listed by Fukugita et al. which meet their criteria (Scodeggio & Gavazzi 1993 and references therein), but we would concur with Fukugita et al. that the sample contains most of the highly inclined gas-rich spirals with m Zw < 15:5. This sample is a superset of the Aaronson et al. (1986) sample often used as part of TFR cluster calibrations. { 6 { provide a list of all 54 spiral galaxies with m Zw 15:5 within 3 of the Coma core; of these, 30 meet the above redshift and inclination restrictions. All but three of these 30 have been observed at 21 cm, with 17 detections. We have observed 15 of these 17 galaxies (though nearly half were rejected as discussed below). Thus we are nearly complete for Zwicky galaxies near the Coma core, excepting of course the H i-de cient galaxies. Since spirals near the Coma core are on average very H i-de cient, there are not many gas-rich spirals to be observed, and in fact we nd below that few if any of the galaxies in our sample are actually virialized Coma cluster members. Figure 7 shows two maps of our observed galaxies, as well as other known spirals in the region, from which one can gain a visual impression of our completeness.
The sample was augmented with Coma Supercluster galaxies selected according to the following criteria: existence of a high S/N 21-cm pro le displaying steep sides; type Sb{Sd; i > 45 ; 11 h 30 m < < 13 h 30 m and 18 < < 32 ; more than 2 from the Coma cluster center; and 5900 < v < 8100 km s ?1 . G. Gavazzi kindly provided us with a list of the 40 Zwicky galaxies known to meet these criteria, of which 10 are on the Fukugita et al. list, and another 10 of which we observed in I band. H-band images were obtained for only one of these galaxies.
Note that the initial i > 45 selection was made from Uppsala Galaxy Catalog (UGC) (Nilson 1973) or other data not as deep as ours, so that some of the observed galaxies were later rejected as being too face-on. Surely there exist a few galaxies with i > 45 which we miss because the catalogs list their inclinations as less than 45 , but this should not a ect our conclusions. In summary, the main bias of our sample is of course toward gas-rich spirals because of the requirement of 21-cm detection, and away from small W < 250 km s ?1 spirals which would fall out of the Catalog of Galaxies and Clusters of Galaxies (Zwicky et al. 1961{1968 ) and UGC at the distance of Coma. While not complete, the sample is representative of moderate-to-large gas-rich spirals in the region, and contains most of the candidate gas-rich Coma cluster member spirals. All of the observed galaxies are listed in Tables 1 and 2 , and those used in the TFR analyses are hereafter referred to as the Coma Supercluster (CSC) sample.
HI Observations { 7 {
In order to provide more accurate width measurements, new 21-cm line spectra were obtained with the Arecibo 305 m telescope 1 as part of a larger cluster spiral survey . Spectra were reduced using the standard ANALYZ{GALPAC routines to obtain centroid velocities and velocity widths. While previously most spectra used for width determination have been heavily smoothed, here only Hanning smoothing has been applied (to reduce the e ects of nite sampling of the autocorrelation function). Widths used here have been measured at a level of 50% of the mean signal intensity; a discussion of the e ects of smoothing, signal-to-noise ratio, and di erent methods of measuring the 21-cm line width will be presented elsewhere ).
CCD Observations
The I-band images of these galaxies were obtained at the Steward Observatory 2.3-m telescope on Kitt Peak, using a TI 800 800 CCD which had little fringing and a 2 0 square eld. Electrons were binned on-chip to give images with 0: 00 3 pixels. Bias removal was done in the usual way; the at eld was a median of 20 disregistered images of a \blank" eld. After cosmic-ray editing the images were re-binned to 0: 00 9 pixels. Typically three exposures of 5 minutes each were obtained for a galaxy, yielding an image with a pixel-to-pixel RMS noise of I = 24:8 mag arcsec ?2 . Large-scale variations in the background are well below this level except when scattered light from bright stars intrudes on the detector. A linearly varying sky background is t to a border area around each galaxy and subtracted. For the largest galaxies, we had to mosaic two CCD elds in order to enclose the limiting isophotes and su cient background area. Some representative images are shown in Figure 1 .
Elliptical isophotes are t to the images using the ELLIPSE task in the STSDAS software package. Mean intensity, ellipticity e, position angle, and center are found for isophotes with semi-major axes a logarithmically spaced at 10% increments. Stars and neighboring galaxies are masked for the t; during photometry, these masked areas are interpolated using the tted isophotes. The galaxy ellipticity e is considered to be well de ned when the outermost reliable isophotes stabilize on a single ellipticity to within 0:03. For some galaxies there is no well-de ned e to our limiting depth, and these are rejected|criteria for rejection are illustrated in Figures 1 and 2 , and discussed further below in x3.5. The limiting isophote, typically at 24 mag arcsec ?2 , is always at least three, and usually more than four, scale lengths into the disk. 1 The Arecibo Observatory is part of the National Astronomy and Ionosphere Center which is operated by Cornell University under a cooperative agreement with the National Science Foundation. { 9 { Figure 1 : Representative images. The left-hand images are logarithmically scaled I-band images, while the center column shows the same images at a harder, linear stretch. The center images saturate at 22:5 I mag arcsec ?2 . The righthand column shows linearly-stretched H-band images of the same galaxies, with a saturation level of 19:3 H mag arcsec ?2 . All images are at the same angular scale, with each column being 1.8 0 wide. The top galaxy, IC 4202, is of high quality in all respects. The second galaxy, UGC 7978, is of quality 2 because the spiral structure makes the determination of its ellipticity somewhat noisy. The third galaxy, UGC 8161, is rejected because the tails make a determination of disk axis ratio very uncertain. The fourth galaxy, Zw 160-058, is rejected because the nucleus is not concentric with the outer isophotes (though this is not clearly discernible at these contrast levels), making its nature uncertain. The bottom galaxy is chaotic and appears close to face-on, despite being catalogued with i = 50 in previous works. This galaxy was not imaged in the H band, nor was surface photometry done.
Aperture magnitudes are calculated within each isophote. An exponential surfacebrightness law is t to the outer reliable isophotes (typical tting range is 2 < a < 4 scale lengths from the nucleus). This t is extrapolated to in nity to estimate the galaxy ux beyond the measured isophotes, and the aperture magnitude is thus corrected to give a total magnitude I tot . The extrapolation rarely involves a correction of > 0:1 mag. Some illustrative examples of surface photometry and of extrapolation to total magnitude are shown in Guhathakurta et al. (1993) .
Photometric standards from Landolt (1983) were observed throughout each night. Repeat measurements of a few galaxies in di erent runs indicate that the uncertainties in I tot do not exceed 0.05 mag RMS, including photometric zero-point errors, errors in aperture magnitude, and in the extrapolation to total magnitude.
Near-Infrared Observations
The Coma sample (and one further Supercluster member) were observed in H band using a NICMOS3 256 256 HgCdTe array detector mounted on the Steward Observatory 1.55-m telescope on Mt. Bigelow. Reimaging optics give a pixel size of 0: 00 9 and a 4 0 square eld. The typical galaxy has a total of 20 minutes of on-target integration time, composed of 30 s exposures alternated with exposures of equal time of a reference eld. From each 30 s object exposure we subtract the median of four adjacent reference eld exposures; the stack of object exposures are then at-elded, registered, sigma-clipped, and summed. Often the galaxy can be chopped from one half of the array to the other, eliminating the need for additional \sky" exposure time. Some subtleties are involved in the construction of an appropriate at-eld, the most important one of which is as follows. The undersized secondary mirror allows light to reach the detector without being focussed by the telescope, unless the cold pupil stop is precisely aligned. As a consequence, images of di use sources (dome, twilight, or night sky) do not properly represent the response of the array to imaged sources, so that the at-eld images cannot be obtained in the usual manner. The response must instead be calibrated by imaging a standard star at many di erent positions on the array (the \thousand points of light" test). Despite the complications of infrared observing, the resulting images are as free of background variations as any CCD images we have taken, again excepting those instances when stray light from bright stars contaminates the image, or when there happens to be a bright star in the reference eld. Representative images are shown in Figure 1 ; comparison of the hard-stretch H images with the I images shows that the H data are not quite as deep, but are of high quality. The photometric standard stars of Elias et al. (1982) are observed, with RMS residuals of 0.03 mag.
Typical RMS noise in the 0: 00 9 pixels is H 23 mag arcsec ?2 . The surface photometry to obtain inclinations and total magnitudes is executed exactly as for the I-band images. The faintest reliable isophote (H 22:3 mag arcsec ?2 ) is not quite as deep as for the CCD data, and we nd that the I-band surface photometry produces more reliable e estimates. In addition, the extrapolation from limiting isophotal magnitude to total magnitude exceeds 0.15 mag for four of the 17 galaxies used in the TFR analysis; some have limiting isophotes as few as 2 scale lengths into the disk. With equal integration time on equal-aperture telescopes we note that the H-band data would reach 0:5 fewer scale lengths into the disk of the typical spiral; the lower susceptibility of the H data to galactic and internal extinction may for some purposes o set the S/N disadvantage, and the low H TFR scatter for brighter galaxies shows that the infrared array data contain no undue systematic problems. Figure 2 shows the results of surface photometry for four galaxies in both H and I bands.
Rejection Criteria
Each galaxy is assigned a quality code during the surface photometry. Quality 1 galaxies look like regular spirals and have very well-de ned e's; quality 2 galaxies have some peculiarities, such as isophote twists or a poor t to an exponential pro le, but nonetheless have a well-de ned e and total magnitude. Quality 3 galaxies cannot be used, either because the galaxy is too face-on (e < 0:30) or because e is not well-de ned. The following ve galaxies are rejected for other reasons: NGC 4848 has an irregular shape, and the 21-cm pro le is triangular so that there is no well-de ned width (Gavazzi 1989) . The velocity eld of this galaxy is also irregular (Amram et al. 1992) .
Zw 159-075 has a slope-sided 21-cm pro le (Gavazzi 1987; Williams, private communication) .
Zw 160-058 does not have its \nucleus" at the center of the outer isophotes, and thus does not appear to have the morphological symmetry associated with a normal disk galaxy.
UGC 8259 has a bar nearly all the way across its disk and a large ring around the disk, giving us little con dence that the isophotes re ect the true inclination of the disk.
IC 3402 is adjacent to a bright star which precludes accurate I-band photometry. Figures 1 and 2 give some examples of the quality and rejection criteria. Figure 1 shows I-band images (at two di erent contrast levels) and H-band images for ve galaxies of varying quality. The top galaxy, IC 4202, is quality 1, as are most edge-on objects. The top panels of Figure 2 show the results of tting ellipses to the images of this galaxy: the axis ratio is stable and well-determined in both H and I bands (right panel), and the surface-brightness pro le is well approximated by an exponential (left panel). The second galaxy illustrated in Figure 1 , UGC 7978, is a marginally acceptable, quality 2 galaxy. The spiral arms of this galaxy make the tted ellipticity e wander a bit, as one can see in the right-hand part of Figure 2 . A value of e = 0:38 0:03 adequately describes the outer half of the galaxy, however, so this galaxy is acceptable. Note that the H-band data are not deep enough to accurately determine e for this galaxy. The third row of the Figures shows data for UGC 8161, a quality 3 galaxy that is rejected because of unstable e. Figure 2 shows that the tted isophotes for this galaxy become more and more eccentric at fainter levels, and we see in Figure 1 that this is due to long tidal tails that protrude from the galaxy, so we have little con dence that we have measured the axis ratio of an inclined, intrinsically circular disk at the outer isophotes of this galaxy. These two galaxies, UGC 7978 and UGC 8161, straddle the dividing line between accepted and rejected objects. The former is accepted because the images suggest that we have indeed measured the inclination of a disk at the outer isophotes, although less accurately than for IC 4202.
The fourth rows of Figures 1 and 2 show Zw 160-058, a galaxy which has a clean exponential pro le and stable asymptotic ellipticity, but is rejected because the outer isophotes are not centered on the nucleus, so we are not con dent that we are looking at a spiral disk (this is barely discernible in the low-contrast greyscale reproduction of the I image in the extreme left panel). The lowest row of Figure 1 shows UGC 8229, which is listed as i = 50 in the TFR studies of Fukugita et al. (1991) and . Representative surface photometry. The left-hand panels show the run of surface brightness with semi-major axis for the rst four galaxies depicted in Figure 1 . Triangles are I-band data (referred to right-hand axis), and squares are H-band data (referred to left-hand axis), with units of mag arcsec ?2 . The right hand panels show the run of ellipticity e with radius, using the same symbols. Error bars are produced by the ellipse-tting software, and are omitted from the H-band ellipticity data for clarity. The rst three galaxies show the criteria for stability of e that de ne the quality codes; further explanation is in x3.5.
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The deep I-band image shows that their photographic images probably detected only the bar of this galaxy, whereas the outer isophotes are nearly round, and somewhat chaotic.
We emphasize that all rejection decisions have been made independent of the galaxy's position in the TFR diagram|not all of the rejectees are outliers. The names, redshifts, widths, photometric parameters, quality grades, and nal status for all inclined galaxies are listed in Table 1 . Table 2 gives the names of observed galaxies which are too face-on|including some, like UGC 8229 in Figure 1 , which were previously catalogued as being more highly inclined.
Our rejection of galaxies with slope-sided 21-cm pro les or irregular shape (i.e. Zw160-058) may bias our sample away from low-linewidth or intrinsically small spirals (B. Tully, private communication), and our resultant TFR may only be applicable to higher-width galaxies. The high-width galaxies are more luminous, though, and hence useful to larger distances. Our goal here is not necessarily to nd the TFR which may be used on the most galaxies, but rather to see what the intrinsic scatter is for a class of galaxies for which the relevant observational parameters are well de ned.
Scatter in the Tully-Fisher Relations
The line-of-sight width W is transformed into a rest-frame circular velocity via W c = W 
where is the axis ratio for an edge-on disk, which we take to be 0:2 for all spiral types. Under the assumption that is constant, its value is immaterial since it merely changes the scaling of W c . Some galaxies exhibit e > 0:8, so undoubtedly is overstimated for at least some spiral types. No corrections are made for turbulent or resolution broadening in Equation (1)|we do however discuss the e ect of such corrections below (x4.5.).
I Band
Initially, we plotted the total I magnitude of the galaxies in our Coma sample against their corrected linewidth W c . Since the TFR is a relation between the linewidth and absolute luminosity, direct use of apparent magnitudes (I tot ) implicitly assumes that all the CSC spirals are at the same distance. The deviation of the Coma galaxies from the best-t straight line is strongly correlated with redshift, with a slope equal to that expected for is shown as a function of the ellipticity 1 ? b=a of each galaxy. The solid line shows the linear internal extinction correction which we have adopted. The short-dashed curve is the logarithmic correction of Han (1992) and the long-dashed curve is the more complex formulation of Tully & Fouqu e (1985) , scaled to I-band as per Pierce & Tully (1988) . Filled triangles are \Coma" galaxies from Fukugita et al. (1991) , open triangles are further than 4 from the Coma cluster core.
pure Hubble ow, indicating that the TFR scatter is mostly a result of line-of-sight depth in the sample (cf. Guhathakurta et al. 1993) .
In the rest of this paper, the distances to the galaxies are assumed to be proportional to their redshifts, so we adjust total magnitudes to the form: I 0 = I tot ? 5 log(v=7000), where v is the recession velocity in km s ?1 . We t a TFR of the form I 0 = m log(W c ) + b, nding an RMS scatter of 0.23 mag with a slope of {5.73. Of course this scatter is dominated by di erences in the amount of internal extinction from galaxy to galaxy; Figure 3 shows the residuals to this t as a function of e. The extinction is well t by a simple linear function of e; the I = a I e extinction law (with a I = 1:37 0:14) clearly ts as well as or better than the more complex laws in the literature, such as the logarithmic correction I = 0:8 log(1 ? e) (dotted line) or the prescription of Tully & Fouqu e (1985, dashed line) shown in the Figure. Note that the 0:7 mag correction from edge-on (e = 0:8) to i = 45 is signi cantly larger than most previous estimates, but the usual 0.3{0.5 mag correction (i.e. Pierce & Tully 1988; Han 1992) would be inconsistent with the data, to a degree quanti ed below. An extinction law I = 1:0 log(1 ? e) is derived by Giovanelli et al. (1994) , who discuss I-band extinction laws more completely. For now we adopt the simple linear dust correction. No corrections for Galactic extinction are made, given the high latitude and small extent of our survey area: the methods of Burstein and Heiles (1978) give A B < 0:10 mag, with most objects having values 0.03{0. 
with a I = 1:4. The last term adds very small relativistic corrections using the usual density parameter , set to unity, and the low-z K-correction term k I z, with k I 0:6 (McLeod, private communication) appropriate for typical spiral SED's. I 7000 is given in Table 1 for the useful galaxies.
In Figure 4 we plot the corrected I magnitude vs. log(W c ), and we see the close adherence to a linear TFR (dashed line). A least-squares t yields The scatter in this TFR is well below any previously reported: the lowest to our knowledge are Freedman (1990) , Pierce & Tully (1988) , Bothun & Mould (1987) , Willick (1991) , and Schommer et al. (1993) ranging between 0.16{0.3 mag; and , restricted to seven high-width galaxies, at 0.14 mag. Chi-squared statistics place a 95% CL upper limit of 0.14 mag on the scatter of the parent population from which we draw, given the observations. Note also that the scatter is not dominated by any large outliers, and that there is no evidence for non-linearity in the TFR.
H Band
The H-band data are reduced in the same fashion as above. Because the I-band data reach deeper into the disks, we use the e's derived from I surface photometry to construct W c as in Equation (1). Distance-and extinction-corrected magnitudes H 7000 are derived as in Equation (2) Figure 3 . The I-band magnitudes have been corrected to give the apparent face-on magnitude each galaxy would have at 7000 km s ?1 distance. These galaxies deviate by only 0.10 mag RMS from the best-t linear Tully-Fisher relation, shown as a dashed line, given by Equation (3). The three Cepheid-calibrated nearby galaxies are shown as squares; the right-hand axis gives their absolute I magnitudes, corrected for Galactic and internal extinction. The error bars include uncertainties in distance modulus as well the TFR scatter observed in the CSC sample. The data for these three galaxies are inconsistent with the CSC TFR unless their measurement errors are larger than for the CSC galaxies.
The resulting TFR is shown in Figure 5 for the 17 galaxies with H-band data. A t to these points yields (dotted line) and this is shown by the dashed line in Figure 5 . The extinction coe cient is varied simultaneously with the latter t, yielding a H = 0:33 0:22. Restricting the I-band sample to the same 9 galaxies yields = 0:063 with a slope ?4:87 0:42, so the H and I data have similar slope and scatter in this small subsample. The ratio H= I is consistent with the usual interstellar extinction law, but realistic models of intermingled gas and dust in spiral galaxies do not necessarily require these inclination corrections to match the dust extinction law in frequency dependence (cf. Giovanelli et al. 1994) .
A t to the lower-width half of the H-band sample yields a TFR slope ?7:34 1:31 with scatter 0.26 mag (for 8 galaxies). The slope is 1:6 steeper than the high-width t, and the low-width scatter is larger than the high-width scatter at the 90% signi cance level, { 18 { according to the F-test.
Error Budget
The deviations from the TFR found above are surprisingly small, and our rst task is to estimate the expected measurement errors. We estimate that the values of I tot are accurate to 0.05 mag RMS, including errors in photometric zeropoint, surface photometry, and extrapolation to total magnitudes. Han (1992) presents surface photometry of 11 of the galaxies in our sample; we also have data for eight more galaxies in A2634 in common with Han. For these 19 galaxies, the RMS di erence in I tot is 0.07 mag, implying 0.05 mag errors in each dataset if they are equal in quality and independent.
By design the internal error in our e values should be about 0.02 RMS; comparison with Han (1992) gives an RMS di erence of 0.035, not too far from expectation. Errors in e a ect both the internal extinction correction and the sin i correction to rotation width. For the Han galaxies, the di erences in e result in an RMS scatter of 0.09 mag in the I-band TFR, implying an induced scatter of 0.06 mag in our data if the errors are again assumed equal in our and Han's data.
The observational uncertainty in the 21-cm pro le width W is estimated to be 5% RMS, which for TFR slope of 5.6 produces a scatter of 0.12 mag in our data. Summing in quadrature with the above errors yields an expected TFR scatter of 0.14 mag, slightly above the 95% CL upper limit to the observed scatter. If this expected measurement error is correctly estimated, then the scatter for a 25-member sample would be as low as 0.10 mag only 3% of the time, according to 2 statistics. Either we have been fairly lucky in our choice of 25 galaxies to observe, or the uncertainty in W is slightly below the canonical 5% value. An independent estimate of e ect of noise on the H i widths can be obtained by comparing our widths to those of B. Williams (private communication) for the 12 galaxies in common between the two datasets (Zw 159-075 is excluded from the comparison since it is rejected from our TFR analysis on the basis of its asymmetric and slope-sided 21-cm line pro le). The RMS di erence in W between the two sets of measurements is 5.3%; if the errors are equally distributed, each dataset has an RMS uncertainty of 3.8%|slightly below our initial 5% estimate. This level of error in W, combined with the estimated magnitude and ellipticity errors, leads to an expected measurement error of 0.12 mag, and would give rise to a scatter as low as that observed 19% of the time. Of course the Williams widths were obtained with the Arecibo telescope, just as our data were, so this comparison is not sensitive to some possible instrumental systematic e ects. Furthermore many of the 21-cm widths in our CSC sample are from other, older sources which probably have higher noise and some bias with respect to the new Arecibo widths. It is di cult, therefore, to quantify the overall errors in our widths, but certainly the measured scatter is at the low end of the range expected solely from measurement error. In other words, our data are consistent with the notion that galaxies with perfectly (noiseless) known magnitudes, ellipticities, 21-cm widths, and distance moduli would exhibit zero scatter from a linear TFR.
For the purposes of placing an upper limit on the intrinsic scatter of the TFR among CSC galaxies, we conservatively take the lower limit to the RMS uncertainty in W to be 3%; this will induce 0.07 mag of scatter in the TFR. Summing in quadrature with the magnitude and inclination errors, we derive 0.11 mag as our lowest estimate of the scatter induced by measurement errors in the I-band TFR. An upper limit to the intrinsic scatter is the 0.14 mag 95% CL upper limit to the observed scatter, minus (in quadrature) the estimated 0.11 mag lower limit to measurement error (assuming zero peculiar velocities), leaving 0.085 mag or less intrinsic scatter. Because we are subtracting nearly equal numbers in quadrature, this estimate is sensitive to our assumptions about measurement errors, so we merely state that the intrinsic scatter is most likely below 0.1 mag.
The above calculations include only measurement errors, and not possible systematic di culties that would persist even in the absence of noise such as: failure of the galaxies' isophotal ellipticity to re ect the true disk inclination; failure of the 21-cm width to represent the rotation speed; failure of the simple extinction correction to accurately describe all the galaxies; or failure of the redshift to be proportional to distance. As an example, for the last e ect, Fisher et al. (1994) have measured the pairwise 1-d velocity dispersion of IRAS galaxies to be 300 km s ?1 ; an RMS peculiar velocity of 1= p 2 this amount will induce 0.065 mag of TFR scatter into our sample. When combined with the minimal observational scatter of 0.11 mag, this gives 0.12 mag of expected scatter, consistent with the data at a 12% level.
In H band the expected scatter from measurement error is slightly lower because ellipticity errors do not lead to as large an extinction correction error. (Note also that because we do not believe the H-band TFR slope is as steep as previously claimed, errors in width do not lead to larger distance errors in H than in I or B bands.) The measured TFR scatter for the brighter half of the H galaxies is fully consistent with measurement error, but the scatter for the fainter half greatly exceeds our expectations|especially given that the same galaxies fall nicely on the I-band TFR. Some, but not all, of the outliers are galaxies for which the total magnitude correction exceeds 0.15 mag (i.e. the S/N is low enough that less than 85% of the galaxy light is above the noise), but it is unlikely that the observed deviations of 0.3 mag would result. Re-observation at higher S/N of one such galaxy did not change H tot at all. Population synthesis models suggest that mass-to-light { 20 { ratios are actually more stable in I than in H when the metallicity of the population varies (Worthey 1994) . This could explain the failure of the low-width galaxies to match the H-band TFR curve, despite lying on the I-band curve. The signature of such a metallicity e ect would be that the TFR residuals for a given galaxy should reverse sign in bands blueward of I. Unfortunately we do not have B-band photometry of su cient accuracy to check for this e ect.
There is marginal evidence of a steeper TFR slope for the low-width galaxies in H band, but this is not reliable given the small numbers and the unexpectedly large scatter among the points. We clearly must enlarge our H-band sample of fainter galaxies in order to tell whether their deviation from a linear TFR is real, or the result of some observing blunders. In theory the correlations of TFR residuals across H, I, and other bands can be used to distinguish between di erent sources of error in the TFR (e.g. metallicity e ects), but for the moment our sample is too small to permit such a study.
Biases
We have tested whether the scatter and slope of our TFR ts are in uenced by selection e ects. Such biases are extremely di cult to quantify given the heterogeneous nature of our sample|the selection functions of both the UGC and CGCG are involved, and both catalogs are derived from the galaxies' characteristics as viewed in blue light, not the I band. The requirement of high-S/N H i detection further clouds the issue. On the other hand, the exceptionally low scatter seen in our TFR data greatly reduces the expected bias from most selection e ects. The following two tests demonstrate that our measured scatter and slope are not strongly a ected by biases:
First, remember that our sample is nearly complete for galaxies with m Zw < 15:5 (with adequate 21-cm data). All eight galaxies with W c > 440 km s ?1 have m Zw < 15:5, so this bright subset should be much less a ected by the e ective magnitude cuto s of our selection process than is the entire sample. Yet the best-t TFR for these galaxies has = 0:059 mag and dI=d(log W c ) = ?5:24 0:59, in agreement with the full sample. If the magnitude cuto were biasing the slope, we would expect to observe a shallower slope at low linewidths, which is not seen.
A second diagnostic is to t the so-called \inverse" Tully- identical with the forward t. The extinction coe cient a I is also unchanged within error. These tests give us con dence that the shallow slope and low scatter are not artifacts of selection biases. We would not, however, use the full sample to determine the absolute distance scale without further attention to possible biases in the zeropoint.
Discussion
Our results di er from those of previous authors in giving much smaller TFR scatter and slope as well as larger extinction, but the accuracy of our parameters is well-supported by the excellent TF correlation over a reasonably large sample (25 galaxies). We rst address the extinction issue. The highest I-band extinction corrections used in previous works, to our knowledge, are those of Han (1992) , who gives inclination corrections for various galaxy classes, peaking at I = 0:9 log(1 ? e) for Sbc and Sc galaxies. Using this extinction law rather than our derived 1:4e form results in an RMS residual (per D.O.F.) in the TFR of 0.116 mag (as opposed to 0.102 mag in Equation 3])|still notably small! Is the di erence between Han's inclination correction and the 1:4e correction signi cant? Let us assume for a moment that the Han rule is correct. We then ask what the chances would be of nding, at random, a 25% lower variance using the linear extinction rule, for a sample of 25 galaxies. Assuming that the errors are Gaussian, and roughly equal for all the galaxies (in particular, that the errors are independent of inclination), we nd that the 25% reduction in variance would be a 2.5{3 event. In other words if our galaxies truly followed the 0:9 log(1 ? e) extinction law, then the chances of any a I e law reducing the variance by one fourth are less than 2%. Our data are more consistent with the 1:0 log(1 ? e) inclination correction recently proposed by Giovanelli et al. (1994) . There is little chance that our galaxy population is described by the much milder I-band extinction prescribed by Pierce & Tully (1988) . This is not to say that the a I e inclination correction is superior to all other functional forms|we have just chosen it for its simplicity. If, for example, we t the data to I = a 0 I log(max(1 ? e; )) (with = 0:2), we nd a best-t value of a 0 I = ?1:26 0:12 mag with TFR RMS scatter of = 0:096 mag. Note that the best-t value is indeed 3 di erent from the maximal Han (1992) value of 0.9. Likewise, if we scale the Pierce & Tully (1988) I-band correction to be 2.4 times larger, then the scatter in our TFR drops { 22 { to 0.108 mag. Our sample is clearly too small to de ne precisely the functional form of the inclination correction, since a linear, logarithmic, and Tully-Fouqu e law can each be scaled to t the data well. It is important to note that the best-t amplitude for each form is somewhat larger than previously published values|see Giovanelli et al. (1994) for a complete discussion of the inclination correction. The di erence between our measured H-and I-band TFR slopes and those in the literature is even larger. These discrepancies must be due either to environmental di erences between our CSC sample and those of other authors, or to some systematic observational or analytic di erences. A detailed comparison is beyond the scope of this paper, but we o er some brief comments. In the H band we have substantial overlap with the Coma sample of Aaronson et al. (1986) , who derive a TFR slope of ?9:9 0:8. Some of the di erence is attributable to a tendency for the di erence between their aperture magnitudes H c ?0:5 and our total magnitudes H tot (i.e. the amount of light outside the aperture) to become systematically larger for the lower-linewidth galaxies. The Aaronson data assume a xed cluster distance, whereas we assume Hubble ow distances for each galaxy, and of course the galaxy samples and data di er slightly; somehow these di erences conspire to produce their steeper slope.
Our H-band data may appear to be inconsistent with the recent results of Peletier & Willner (1993) , who measure a TFR slope of ?10:2 0:6 with a scatter 0.36 mag from H-band surface photometry of 23 Ursa Major cluster spirals. Their Figure 8 shows, however, the likely existence of substantial line-of-sight depth in their sample, as TFR residual is correlated with redshift. When these authors enforce a redshift cuto in order to remove an apparent background sub-clump, the RMS scatter drops to 0.26 mag, which is quite consistent with our observed H-band scatter after one considers the expected depth of Ursa Major. Furthermore, their scatter drops to 0.20 mag when inclinations from the Pierce & Tully (1988) CCD images are used, so we do not believe that the intrinsic scatter in this H-band study is necessarily larger than ours. The Peletier-Willner TFR slope is quite di erent from ours, even when one uses their total H magnitudes (rather than the circular aperture magnitudes they prefer). However, for the 12 Ursa Major galaxies with inclinations in Pierce & Tully and not in the background clump, we derive a TFR slope of ?8:3 0:9 if the Peletier-Willner total H magnitudes are used. This is within 2 of the value we derive in Equation (4). Thus a di erence in slope is not clearcut. Our H images are at least 1 mag deeper than those of these authors: it will be interesting to see if their steep slope persists with total magnitudes derived from deeper photometry. The shallow I-band slope is more problematic given that many other authors also use CCD surface photometry|Pierce & Tully (1988) high-linewidth Ursa Major galaxies yields a slope of ?7:5 1, still 2 from our CSC value.
Only the 17 Ursa Major galaxies with W c > 250 km s ?1 are used in order to avoid e ects of possible TFR curvature, and we have applied our extinction and inclination corrections rather than those of Pierce & Tully. In a similar vein, Freudling et al. (1991) apply an absolute magnitude cuto to the Pierce & Tully data in order to compare to more distant samples such as ours, and obtain a TFR slope of ?7:9 0:3 ( tting the inverse relation). The
Virgo data are probably in uenced by depth e ects (Fukugita et al. 1993; Pierce, private communication) . In other clusters, Schommer et al. (1993) obtain slopes of ?8:84 0:70 (Antlia) and ?9:81 0:84 (Hydra), and Bothun & Mould (1987) obtain ?7:9 0:5 (Pisces) and ?6:2 1 (A2634). Our CSC I-band TFR slope of ?5:65 0:20 assumes that each galaxy is at distance proportional to redshift; if we assume all 17 \Coma cluster" galaxies to be at a common distance, we obtain slightly steeper TFR slope (?6:04 0:39), closer to the slopes found by other authors. As discussed below, the \ xed-distance" t has much higher scatter than the \free-expansion" t in Equation (3) though, which we believe rules out the former. We are left with a likely inconsistency between our CSC TFR slope and the TFR slope in other authors' samples. We have no good explanation for these inconsistencies; environmental di erences in TFR slope may exist, but further investigation is required to rule out methodological di erences and/or problems, or statistical ukes. In the TFR analysis described above, no correction has been made for turbulent or resolution broadening of the 21-cm linewidths W used. As we have primarily observed massive, edge-on spirals, our data cannot distinguish between various models for such broadening. To give an idea of the e ect of such corrections, we re-t the TFR to the 25 I-band galaxies applying the turbulent broadening correction of Tully & Fouqu e (1985) , which is essentially a linear subtraction of 38 km s ?1 from each observed W in the regime of our sample. This correction is probably an overestimate (Vogt 1994) , and hence illustrates an upper limit to the e ects of broadening upon our results. Application of the Tully-Fouqu e correction raises the residual scatter in the TFR very slightly, from 0.102 mag to 0.107 mag. Since the fractional correction is larger for low-W galaxies than for high-W ones, the slope of the TFR becomes shallower, from 5:65 0:20 to 5:06 0:18, and the zeropoint shifts. The best-tting slope for the extinction law rises slightly from a I = 1:37 0:14 to 1:52 0:16. Thus both the TFR slope and the extinction correction are moved even farther from previously published values when the broadening corrections are made. Width broadening due to the nite resolution of the 21-cm pro les should have a somewhat smaller e ect, but will likewise a ect the high-and low-width galaxies di erently.
Implications and Applications { 24 {
In this section we discuss the implications of a TFR with an intrinsic scatter of 0.1 mag or less and the shallow slopes we have derived for the CSC sample. In the previous section we concluded that the intrinsic scatter in the TFR for Coma Supercluster galaxies is somewhere between 0 and 0.1 mag, but the low scatter relative to the expected measurement errors encourages us to expand the sample in the future to increase the statistical reliability of this result. Thus we o er the following discussions as examples of the problems and solutions that such an accurate TFR would engender.
Spirals in the Coma Cluster
The perceptive reader has noted that Equation (2) was used to determine relative magnitudes for all galaxies|including the \Coma cluster" sample|despite the fact that a virialized cluster population is expected to form a better TFR if all galaxies are assumed to be at common distance. Using our I-band data for the 17 good \Coma" objects from the Fukugita et al. (1991) list (see x3.1.), we derive a scatter of 0.085 mag using the \free expansion" distance model of Equation (2), and a scatter of 0.19 mag assuming all galaxies to be at a common distance. This di erence essentially rules out the xed-distance model. If 17 galaxies at a common distance were to be drawn from a Gaussian distribution, with measured = 0:19 mag about a mean TFR, then the chances of the free-expansion model producing half the RMS scatter are less than 10 ?6 . Most of the putative Coma spirals are in fact moving with the Hubble ow. Figure 6 shows this more clearly: we have inverted Equations (3) and (2) to produce a (relative) distance for each galaxy from its apparent total magnitude I tot , linewidth, and ellipticity (i.e. by assuming that its TFR deviation arises solely because of its peculiar velocity), and we plot this distance vs. redshift. The dotted box roughly indicates the locus that would be lled by virialized Coma cluster members, while the slanted dashed outline contains the 1-error box for galaxies following a pure Hubble ow. There is no evidence that any of our spirals are under the dynamical in uence of the Coma cluster, because all the galaxies fall near the Hubble ow box, with no high-peculiar-velocity spike at the Coma distance. While our sample is not complete in this region, this is a strong indication that spirals are either stripped of gas or destroyed as soon as they are accelerated above 500 km s ?1 peculiar velocity by the cluster mass.
Should the failure of the gas-rich spirals to show large peculiar velocities be surprising? Probably not|the Coma cluster is the archetypical example of a spiral-poor cluster, and furthermore the spirals near Coma show larger gas de ciency than any other observed cluster (Giovanelli & Haynes 1985) . In Figures 7 we collect data from the literature to remind the reader of these properties of Coma. Figure 7 (a) is a sky plot of the region near Coma, with galaxies di erentiated by type. Note that the large number of galaxies Figure 6: Structure of the Coma region as seen in gas-rich spirals. The I-band TFR is used to obtain a distance for each of the 25 spirals in our sample, and we plot the redshift of each galaxy vs. its distance. Circled symbols are galaxies within 4 of the Coma core, and are from the sample used by Fukugita et al. (1991) to derive the Coma distance. Galaxies used for the same purpose by are shown as stars. The slanted box outlines the region in which most galaxies would lie if their motions are described by pure Hubble ow, assuming 0.10 mag intrinsic plus observational TFR scatter. The vertical box outlines the region we expect to be occupied by galaxies at the distance of the Coma core, having an RMS peculiar velocity of 1000 km s ?1 . There is no evidence that any of the so-called \Coma spirals" are under the dynamical in uence of the cluster.
near the Coma core are nearly all ellipticals, and the overdensity in spirals is no larger than in other parts of the Great Wall lament (this lament runs from ENE to the W in Fig. 7 a] ). Figure 7(b) shows the same plot, but this time only spirals are plotted, and are di erentiated by their H i content. In this map we can see that those spirals which are within 1 of the Coma core are nearly all gas-de cient, so they do not enter our sample, or peculiar, so they are rejected from TFR analyses. Our 25-galaxy sample contains no spirals within 50 0 of NGC 4889. Gavazzi (1987) illustrates in several ways the tendency of gas-de cient spirals to be preferentially located near the Coma cluster core will discuss the TFR for the gas-poor spirals in the core). Finally, in Figure 8 we plot RA vs. redshift in a pie diagram of the Coma region, centered on the famous \stick-man." The vertical spike is of course due to the peculiar velocities in the Coma core, but the spirals in our sample do not lie in this nger, and are instead scattered throughout the area. The success of the free-expansion model suggests that the Coma cluster distances derived by Fukugita et al. (1991) , Aaronson et al. (1986) , and may not be valid. The last paper derived the Coma distance using seven spirals with W c > 440 km s ?1 , using the B-band TFR and assuming that these galaxies are at the same distance as the Coma elliptical core. One of their galaxies, Zw 160-036, was not in our sample (but has a slope-sided 21-cm pro le), while another of their galaxies, UGC 8229, is listed as i = 50 but appears in our deeper image to be more face-on, with a very strong bar (see Figure 1 ). The remaining ve galaxies are plotted in Figure 6 , and, like the rest, show no signi cant departures from the Hubble ow, casting doubt on their proximity to the Coma core. Later installments in this series of papers will further investigate the structure of this region, and the location of the gas-de cient spirals in the Coma region.
Peculiar Velocities
A TFR scatter of 0.10 mag using the free-expansion model implies that the RMS peculiar line-of-sight velocity for our sample is less than 330 km s ?1 . As discussed above it is likely that much of our observed scatter is due to measurement error, and thus the RMS peculiar velocities are probably much lower than this value. With a larger, better-de ned sample we could test for the larger scatter at lower redshifts which would be the expected signature of peculiar velocities. It is interesting to note, however, that the present upper limit is only 50% larger than the mean line-of-sight peculiar velocity for IRAS spirals measured by Fisher et al. (1994) , who examine the anisotropy of the galaxy correlation function in redshift space. This means that further tests of the scatter in the TFR must use eld spirals at 10,000 km s ?1 or beyond if accuracy much below 0.10 mag is to be obtained. An alternative way to nd spirals whose relative distance moduli are known to 0.05 mag . Open triangles represent spirals that do not meet our inclination or redshift criteria (i.e. background, foreground, or face-on). Galaxies not indicated as spirals in the RC3 (E/S0/Irr/unclassi ed) are shown as asterisks. Note the strong concentration of the early-type galaxies (asterisks) to the center of the Coma cluster. (b) Same as (a) for the subset of galaxies that are marked explicitly as spirals in the RC3. We group them here according to the H i-de ciency parameter , de ned by Haynes & Giovanelli (1984) , as measured by Gavazzi (1987) . Large circles represent gas-rich spirals ( < +0:3), and this includes all 25 galaxies used in our I-band TFR ( lled circles). Gas-poor spiral galaxies ( > +0:3) are indicated by crosses. Spirals for which we found no measurement of the gas-de ciency parameter are plotted as small open circles. The spirals in this region show little, if any, concentration towards the core of the Coma cluster; most of the spirals within the 50 0 radius circle are H i-poor. -right ascension cone diagram of all galaxies with measured redshifts in the latest version of ZCAT (Huchra 1993) that are located in the vicinity of our survey region: 11 h < 1950 < 15 h ; 18: 2 < 1950 < 32: 5, within v < 10; 000 km s ?1 . The galaxies in Table 1 are marked with special symbols: \Coma" galaxies used in our TFR analyses ( lled circles); additional \Coma supercluster" galaxies used in the TFR ( lled triangles); \Coma" galaxies that we observed but rejected from the TFR (open circles); and additional \Coma supercluster" galaxies that we observed but rejected (open triangles). The spirals in our study show no tendency to lie along the prominent \ nger" traced by the elliptical galaxies in the core of the Coma cluster.
or better is to use cluster spirals beyond 5000 km s ?1 , but one is always faced with the di culty of distinguishing cluster members from foreground or background galaxies.
Similarities of Spiral Galaxies
The low TFR scatter found here makes even more powerful the constraints on the formation and evolution of spirals emplaced by the luminosity-linewidth correlation. Even if it is found that this CSC TFR does not apply to all regions of the Universe, it is remarkable that there exist a family of spirals distributed over tens of Mpc for which H i width predicts luminosity to better than 10%. The slopes in both H and I bands follow L / v 2:7 , quite di erent from the L / v 4 which might result from a simple self-similar family of galaxies of constant central surface density (Aaronson et al. 1979) . If indeed bright spirals have mass structures which are dilated copies of fainter spirals, then the mass-to-light ratios of the galaxies with W c = 250 km s ?1 in our sample are 5.4 times lower than that of the largest (W c = 600 km s ?1 ) galaxies in our sample, in both H and I bands. According to the population synthesis models of Worthey (1994) , this is only possible if the star formation rate (SFR) in the smaller galaxies has been much larger over the last 1 Gyr than the mean SFR since the formation of these galaxies. The integrated colors and H uxes of nearby spirals suggest that the current SFR is in fact near the lifetime mean SFR (Kennicutt 1983) . It is thus unlikely that simple population di erences could account for the shallow TFR, leading us to conclude that their exist real structural di erences between CSC spirals of di erent mass, or di erences in stellar-to-total mass ratios, or central densities which vary with total mass.
Recent numerical models of galaxy formation which incorporate a dissipational baryonic component plus a dissipationless dark component produce disk-like galaxies which have baryonic mass proportional to v 2:5 , with a scatter of 0:15 mag (Evrard 1993) . This dependence upon circular velocity is similar to our observed dependence of near-infrared luminosity on v.
The spirals in our sample have a variety of scale lengths, even at a given magnitude, yet the TFR is followed quite well, suggesting that the total stellar mass is much more closely related to the total galaxy mass than is the distribution of disk light. The galaxies also have varying rotation curves (as revealed by long-slit H spectroscopy) and, to a lesser extent, bulge/disk ratios. It is therefore di cult to reconcile our low TFR scatter with claims of large improvements in the TFR when such secondary structural parameters are introduced (Salucci et al. 1993; Bothun & Mould 1987) . It is, however, possible that such secondary parameters correlate with some environmental variable which happens to be xed across the entire CSC region we study here. Franx & de Zeeuw (1992) have noted that a non-circular gravitational potential in the disk plane will introduce scatter into the TFR in two ways: (1) the H i velocity eld is no longer circular, and this a ects the measurement of W, and (2) the disk is no longer circular, causing our inclination determinations to be in error. They calculate the TFR scatter expected if the disk-plane potential has a given ellipticity. Applying their calculations to our 0.10 mag observed TFR scatter gives an upper limit of 0.05 to the typical deviation from circularity (1 ? b=a) of the gravitational potential in the disk plane. Galaxy formation theories must explain how the dark matter of eld spirals could produce such a symmetric potential. Once again note that this limit assumes that all of the 0.1 mag scatter is due to { 30 { disk asymmetry; since a substantial portion of the scatter may be attributable to peculiar velocities, variable extinction, and the like, the constraint on symmetry is likely stronger than 0.05. This is consistent with recent direct observations of the axis ratios of face-on spirals (Zaritsky & Rix 1993) .
Intrinsic Shapes of Spiral Disks
Comparison to Local Calibrators
Three nearby spirals with known Cepheid distances would fall into our sample if placed at the distance of Coma: M31, M81, and NGC2403. Table 3 lists I magnitudes, inclinations, and 21-cm widths for these galaxies as taken from the literature. Also listed are the most recent Cepheid distance moduli for these galaxies, and the resulting absolute magnitudes, corrected to face-on as described above for the CSC sample. The three local calibrators are shown on the TFR plot in Figure 4 alongside the CSC galaxies, with error bars which are the quadrature sums of the Cepheid distance uncertainties and the measured CSC scatter from the TFR. It is unlikely that these three galaxies are drawn from the same distribution as the CSC sample. If we assume that the measurement errors on I tot and W are similar to those for our CSC sample, then we nd that there is only a P = 0:018 chance of the three calibrators being consistent with our TFR. Considering only M31 and M81, we nd 7000 = 34:80 0:12 mag, implying H 0 = 77 5km s ?1 Mpc ?1 , with a P = 0:23 chance of internal consistency. The surface-brightness-uctuation method gives a relative distance modulus of = 3:26 0:18 mag for these two galaxies (Tonry 1991) , and the planetary nebula luminosity function method yields 3:46 0:23 (Jacoby et al. 1989) , both somewhat more accurate than the Cepheid measurements. Combining these two measures of we nd only a P = 0:038 chance that M31 and M81 are drawn from the CSC I-band TFR.
The disagreement is less strong, of course, if the uncertainties in the I tot measurements by Pierce & Tully (1992) are larger than 0.1 mag. M31 and M81 have similar W c , so the slope of the TFR is not important here. Likewise NGC 2403 and M81 have similar inclinations, so that their inconsistency cannot be blamed on our extinction corrections. We are forced to one of three conclusions (or a combination thereof): (1) the published data for at least two of these three local calibrators are signi cantly noisier than the data for our CSC sample; (2) at least two of these galaxies are peculiar in ways not manifested among any of the 25 CSC galaxies; or (3) the TFR has a di erent form (and scatter) in the local neighborhood than in the region we have studied. Of course there is a fourth possibility, that there is a single \true" TFR slope, intermediate between our CSC result and the local calibrator results, and that one or both datasets represent several-sigma statistical uctuations. In a future paper in this series we will attempt to repeat the very di cult measurement of the total I magnitude of these galaxies done by Pierce & Tully { 31 { (1992) , and we will also expand our sample of Coma Supercluster objects. For the moment though, it appears to us that determinations of H 0 by applying local TFR calibrators to more distant galaxies must be viewed with caution.
Summary
We have found a broadly-de ned sample of spiral galaxies which obey the TFR to very high precision|10% RMS deviation in luminosity, some fraction of which is due to measurement error and peculiar velocities of the galaxies. Whether the TFR we observe in the Coma Supercluster region applies equally well to the entire Universe remains an open question. The large discrepancy between our measured I-band TFR slope and that measured by other authors would suggest environmental e ects, as would the failure of the local calibrators to match the CSC TFR. There are, however, special di culties in measuring the local calibrators due to their large angular extent, and some di erences between our methods and those of other authors, so we reserve judgement until further examination of galaxies in other environments. We must also expand our sample of Coma Supercluster spirals to test the possibility of our 25-galaxy TFR being an extreme statistical aberration. If there are environmental \second parameters" to the TFR, then these parameters are constant across tens of Mpc in the Coma Supercluster, and it will be very interesting to nd what variables change only over such large scales. If there are no environmental or regional changes in the TFR, than it now appears that the TFR is a distance indicator accurate to 5% or better, and useful out to 10,000 km s ?1 |farther if optical widths can be used. The Coma distance vs. redshift plot presented here is an example of what might be accomplished. A peculiar velocity survey using the H-band TFR would minimize the impact of Galactic extinction on the results, and is clearly feasible with available infrared array detectors. We must study a larger sample of galaxies in H-band TFR, however, before reaching a rm conclusion on its merits relative to the I band, because the TFR scatter for low-width galaxies in H exceeds our measurement errors for some unknown reason.
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